Listeria monocytogenes is a gram-positive facultative intracellular bacterium that can cause severe infections in newborns, elderly people, and immunocompromised individuals (14, 15) . Invasion into host cells is a primary step required for the pathogenesis of the disease listeriosis (12) . The model for the invasion process requires the bacteria to bind host cell receptors. This leads to the activation of host cell signal transduction molecules which eventually trigger the host cell cytoskeletal rearrangements necessary for uptake of the surfacebound bacteria.
Recently, the bacterial surface protein internalin and the host epithelial cell adhesion molecule E-cadherin were found to be involved in the L. monocytogenes internalization process (10, 23) . Strains with mutations in inlA, which codes for internalin, have a reduced ability to enter Caco-2 epithelial cells. Nonpathogenic Listeria innocua expressing inlA can invade epithelial cells, though not as efficiently as wild-type L. monocytogenes. Fibroblasts transfected with E-cadherin show an increased ability to uptake L. monocytogenes and L. innocua expressing inlA. Antibodies against E-cadherin and internalin also reduce the invasion of L. monocytogenes into host cells.
Phosphatidylinositol (PI) 3-kinase plays a role in the host cell signal transduction required for efficient uptake of L. monocytogenes (18) . It has been implicated in the regulation of actin cytoskeletal rearrangements and certain endocytic processes (5) . PI 3-kinase is activated when L. monocytogenes binds to E-cadherin on the host epithelial cell surface. Inhibition of PI 3-kinase with wortmannin or LY294002 or expression of the dominant-negative form of the p85 subunit of PI 3-kinase leads to a decrease in L. monocytogenes invasion. Internalin-related protein InlB is required for activating PI 3-kinase and for invasion into certain cell lines including Vero, CHO, and HeLa cells and hepatocytes (18) . Given the complexity of signal transduction pathways, the other molecules involved have yet to be identified.
Mitogen-activated protein (MAP) kinases ERK-1 and ERK-2 (extracellular signal-regulated protein kinases) were originally found to be activated during L. monocytogenes invasion (34) . However, subsequent studies found that purified listeriolysin O (LLO) alone could induce the activation of these two isoforms of MAP kinase (33, 38) . LLO is a sulfhydryl-activated hemolysin specific to L. monocytogenes that plays a crucial role in freeing the bacteria from the phagolysosome after uptake into the host cell (26) . Mutants lacking LLO (hly mutants) can still invade host cells as efficiently as wild-type L. monocytogenes (20) . The MAP kinase activation was believed to be caused by the action of LLO on the host cell membrane rather than by the invasion of the bacteria (33) . This suggested that MAP kinases ERK-1 and ERK-2 were not involved in the signal transduction required for L. monocytogenes uptake.
MAP kinases are central in many host responses including the mitogenic response to the growth factors for which they are named. MAP kinases have also been implicated in the regulation of cytokine responses, stress responses, and cytoskeletal reorganization (7) . Other isoforms of MAP kinase are also known, including p38 MAP kinase, also known as hyperosmolarity glycerol (HOG) kinase (16) , and c-Jun N-terminal kinase (JNK), also known as stress-activated protein kinase (8, 21) . More recently, ERK-3 (6), , and ERK-6 (22) have been discovered. MAP kinases, with the exception of ERK-3, are activated upon phosphorylation of both tyrosine and threonine residues by MAP kinase kinases or MEKs (MAPK/ERK kinases). Many different MEKs have been described, and in vitro assays indicate that each has only one or at most two specific targets in the MAP kinase pathways: MEK-1 and MEK-2 act on ERK-1 and ERK-2; MEK-3 and MEK-6 act on p38; MEK-4 acts on JNKs; and MEK-5 possibly acts on ERK-5 (4, 17, 37) . Most eucaryotic surface receptors use at least one of these highly conserved MAP kinase cascades for signalling inside the cell (28 Samples were loaded onto SDS-15% PAGE gels. The gels were dried and exposed to film. 32 P incorporation into MBP was also quantitated with a phosphorimager (Molecular Dynamics PhosphorImager SI; Sunnyvale, Calif.).
JNK in vitro kinase assay. Cells were lysed in buffer B as described above. JNK was immunoprecipitated with anti-JNK-1 antibodies and Sepharose-A beads in buffer B. The anti-JNK-1 antibodies recognize JNK-1 but also bind JNK-2 to a lesser degree. The beads were washed twice with buffer B and once with buffer E. Kinase reactions were initiated with a mixture containing 67 g of glutathione S-transferase (GST)-c-Jun(1-169) (Upstate Biotechnology, Inc.) per ml, 20 M ATP, and 333 Ci of [␥-32 P]ATP per ml in 30 l of buffer E. The reactions were stopped after 15 min at 30°C by adding 5ϫ SDS-PAGE sample buffer and boiling for 5 min. Samples were loaded onto SDS-12% PAGE gels. Gels were dried and subjected to autoradiography, and 32 P incorporation into GST-c-Jun was determined with a phosphorimager.
MAPKAP kinase-2 in vitro kinase assay. Cells were solubilized in buffer C as described above. MAPKAP kinase-2 was immunoprecipitated with anti-MAP-KAP kinase-2 antibodies and Sepharose-G beads in buffer C. The beads were then washed twice with buffer C and once with buffer F. The in vitro kinase reaction was initiated by adding a mixture containing 33 g of recombinant murine Hsp25 (StressGen Biotechnologies Corp., Victoria, Canada) per ml, 50 M ATP, and 333 Ci of [␥-32 P]ATP per ml in 30 l of buffer F. After 15 min at 30°C, the reaction was terminated by adding 5ϫ SDS-PAGE sample buffer and boiling for 5 min. Samples were loaded onto SDS-12% PAGE gels. The gels were dried and exposed to film. 32 P incorporation into Hsp25 was measured using a phosphorimager.
RESULTS
PD98509 reversibly blocks L. monocytogenes invasion into HeLa cells. PD98059 is a highly selective inhibitor of MEK-1 activation with a 50% inhibitory concentration (IC 50 ) of 5 to 10 M (9). It binds inactive MEK-1 to prevent upstream activation by kinases such as Raf-1 and MEK kinase-1 (3). PD98059 also blocks MEK-2 activation, but this inhibition is much weaker, with an IC 50 of 50 M. Thus, PD98059 can suppress the activation of ERK-1 and ERK-2 by different stimuli. PD98059 has been tested on over 20 different kinases, including various MAP kinases, protein kinase C, v-Src, epidermal growth factor receptor kinase, MAPKAP kinase, and PI 3-kinase, and has been found to have no in vitro inhibitory effects on the activities of these kinases (3, 9) .
HeLa cells were preincubated with PD98059 for 60 min prior to bacterial infection. L. monocytogenes invasion was reduced by 10-fold at 100 M PD98059 (Fig. 1a) . S. typhimurium invasion was unaffected at the same concentrations. To investigate the reversibility of the PD98059 inhibition, we preincubated HeLa cells for 60 min. These cells were then infected with L. monocytogenes for an additional 60 min. The infected monolayers were washed twice with PBS to remove any PD98059 before the medium was replaced with plain MEM with no inhibitors. At various time points, the plain MEM was then replaced with 100 g of gentamicin per ml in MEM to kill extracellular bacteria. After the PD98059 was washed away for 60 min, its effects were reversed and the ability of the cells to internalize L. monocytogenes was restored (Fig. 1b) . Adherence of S. typhimurium and L. monocytogenes to the HeLa cells was not affected by PD98059 at the concentrations used to block L. monocytogenes invasion (Fig. 1c) . Adherence was assayed at 15 min postinfection for S. typhimurium and at 45 min postinfection for L. monocytogenes, at which times the numbers of internalized bacteria are relatively insignificant (data not shown).
PD98059 must be present during the actual infection to inhibit invasion. HeLa cells were also pretreated with PD98059 in the following manner. PD98059 was added 60 min prior to infection. The HeLa cells were then washed twice with PBS to remove the drug and then resuspended in plain MEM. These pretreated cells were infected with L. monocytogenes for 90 min or with S. typhimurium for 30 min. Pretreatment with PD98059 did not affect the invasion of either bacterium (data not shown). The survival of intracellular Listeria or Salmonella was also not affected by PD98059. HeLa cells were infected with L. monocytogenes for 60 min or S. typhimurium for 30 min. PD98059 was added along with 100 g of gentamicin per ml in MEM for 2 h. The numbers of intracellular Listeria and Salmonella cells recovered from treated and untreated cells were the same (Fig. 2) . In addition, PD98059 did not affect the viability of Listeria, Salmonella, or HeLa cells (data not shown) during up to a 4-h incubation with 100 M PD98059. Bacteria pretreated for up to 2 h with 100 M PD98059 were also unaffected in their ability to invade HeLa cells (data not shown).
Wild-type L. monocytogenes activates ERK-1, JNK, and MAPKAP kinase-2. We previously reported that L. monocytogenes can activate ERK-1 and ERK-2 because of the action of LLO on the host cell. Using a more sensitive in vitro kinase assay, we reexamined ERK-1 and ERK-2 activities as well as those of JNK and MAPKAP kinase-2. MAPKAP kinase-2 is activated by p38 MAP kinase (30) . The various kinases were immunoprecipitated from cell lysates and then incubated with their appropriate substrates and [␥-32 P]ATP: ERK-1 and -2 with MBP, JNK with c-Jun, and MAPKAP kinase-2 with Hsp25. The degree of phosphorylation of the substrates was measured to determine the relative activities of the kinases in cells that were subjected to bacterial infection. The activities of these various kinases were assayed in uninfected cells at time points from 0 to 2 h, and no changes were detected during this time period (data not shown).
In agreement with our previous results, wild-type L. monocytogenes L028 activated ERK-1, while BUG337, a mutant with 1,000-fold-reduced hemolytic activity, did not ( Fig. 3a) (33) . HeLa cells were infected with Listeria for 90 min. We also confirmed previous findings that S. typhimurium activates ERK-1 (13, 29) . Using the same infection times, we found that wild-type L028 also induced JNK activity, while the mutant BUG337 did not, at 90 min postinfection (Fig. 3b) . S. typhimurium SL1344 also activated JNK at 45 min postinfection.
Wild-type L. monocytogenes L028 also induced MAPKAP kinase-2 activity at 30 min and at 90 min postinfection (Fig.  4a) . BUG337 did not activate MAPKAP kinase-2 at 30 min postinfection but weakly activated MAPKAP kinase-2 at 90 min postinfection. The BUG337-induced activity was about 10-fold less than that induced by its parental strain, L028.
Both wild-type L. monocytogenes and the hly mutant can activate ERK-2. The activation pattern of ERK-2 was different from that of the other kinases. As we observed before, ERK-2 was activated by wild-type L. monocytogenes L028 at 30 min and 90 min postinfection (Fig. 4b) (34) . Also in agreement with our previous results, BUG337 did not activate ERK-2 at 30 min postinfection (33) . However, at 90 min postinfection, ERK-2 was activated by BUG337. While BUG337 still had a slight amount of hemolytic activity (1,000-fold reduced), the same pattern of results was seen with nonhemolytic mutant M3 and its wild-type parent, 1/2a 3 (Fig. 4c) . M3 no longer secretes LLO because of a Tn916 transposon insertion in the hly gene.
inlAB mutants also activate ERK-2. inlAB mutant BUG11 also activated ERK-2 at levels similar to that of its wild-type parent, bof297 (Fig. 5) . This was expected, as BUG11 is still capable of producing LLO at the same levels as those of its parental strain. It is likely that the LLO activation of the MAP kinases, including ERK-2, masked any small differences in ERK-2 activation that might be attributed to the lack of invasion by BUG11.
Cytochalasin D and wortmannin do not affect ERK-2 activation. We looked at whether various inhibitors of Listeria invasion also affected ERK-2 activation in the host cells. Cytochalasin D, an inhibitor of actin polymerization, dramatically reduced L. monocytogenes invasion (11) (Fig. 6 ) but did not affect ERK-2 activation patterns (34) (Fig. 7a) . Recently wortmannin, an inhibitor of PI 3-kinase (35) , was demonstrated to inhibit L. monocytogenes invasion (18) . In agreement with those results it was found that wortmannin did inhibit the uptake of Listeria by HeLa cells (Fig. 6 ) but that wortmannin had no effect on ERK-2 activation (Fig. 7b) .
Genistein and PD98059 reduce ERK-2 activation. We and others had previously found that genistein, an inhibitor of FIG. 2. PD98059 does not kill intracellular Listeria or Salmonella. HeLa cells were infected with L. monocytogenes 1/2a 3 for 60 min or S. typhimurium SL1344 for 30 min. Various concentrations of PD98059 were then added along with 100 g of gentamicin per ml in MEM for 120 min. Appropriate amounts of the solvent DMSO were also added so that all wells contained equivalent concentrations of DMSO. The monolayers were lysed, and the numbers of intracellular bacteria were determined by plating. Experiments were repeated at least three times with similar results, and the graph depicts one representative experiment. Each data point is the mean of data from three wells, and the standard deviation is shown by the error bar. tyrosine kinases (2), blocked L. monocytogenes invasion and ERK-1 and -2 activation by L. monocytogenes (34, 36) . Here, we report that genistein also reduced the ERK-2 activity induced by BUG337 (Fig. 7c) . Genistein decreases ERK-2 activity due to wild-type L028 at 30 min postinfection but was not capable of blocking ERK-2 activation at 90 min. PD98059, a specific inhibitor of MEK-1 activation, was much more effective at blocking ERK-2 activation by both the wild-type L028 and the mutant BUG337, which has 1,000-fold-reduced hemolytic activity (Fig. 7d) .
Inhibitory effects of wortmannin and PD98059 are not additive. Since both the PI 3-kinase and the MEK-1/ERK-2 pathways were involved in Listeria invasion, we looked at the combined effects of wortmannin and PD98059. HeLa cells were pretreated with one or both drugs for 60 min prior to infection. At the concentrations used, the effect of PD98059 on Listeria invasion was stronger than that of wortmannin (Fig. 8) . When the two drugs were used in combination, there was no additive effect on L. monocytogenes uptake by HeLa cells. Also, there was no effect on Salmonella invasion (data not shown).
DISCUSSION
Using PD98059, a highly specific inhibitor of MEK-1 activation, we were able to demonstrate for the first time the requirement of the MEK-1 signalling pathway for the uptake of a bacterium by host epithelial cells. Cells treated with PD98059 were still capable of internalizing S. typhimurium, indicating that PD98059 shuts down a cellular process specific for Listeria invasion but not for Salmonella invasion. PD98059 had no effect on the adherence of these two bacteria to host cells. If the drug was removed, the adherent Listeria then invaded the cells. To exert its effect on Listeria invasion, PD98059 must be present during the infection process. If the PD98059 was washed away prior to infection with L. monocytogenes, there was no effect on invasion. These results show the reversibility of the effect of PD98059. In addition, PD98059 did not affect Listeria or Salmonella cells that had already been internalized and did not alter the viability of Listeria, Salmonella, or HeLa cells at the concentrations and treatment times used in this study.
At the concentrations used, PD98059 has a weaker inhibi- tory effect on MEK-2; thus, it is possible that a low level of MEK-2 inhibition may also play a role in blocking invasion. However, MEK-1 and MEK-2 have the same downstream targets, ERK-1 and ERK-2 (39). With these inhibition results, we investigated which MAP kinase cascades were activated during L. monocytogenes invasion. Wild-type L. monocytogenes activated all four of the MAP kinase pathways we tested: those of ERK-1, ERK-2, JNK, and p38 MAP kinase (p38 MAP kinase activity was determined by assaying MAPKAP kinase-2, which is the downstream target of p38) (Fig. 9 ). More importantly, we wanted to identify pathways which were independent of LLO since LLO is not required for host cell invasion but can induce signal transduction in the host cell. A mutant with 1,000-foldreduced hemolytic activity was still able to induce ERK-2 activity and weakly trigger MAPKAP kinase-2 at 90 min postinfection but did not activate ERK-1 or JNK. In our previous study, we failed to detect ERK-2 activation by nonhemolytic L. monocytogenes since we only looked for activation at 30 min postinfection (33) . At 30 min postinfection, only a few of the bacteria are invading so any changes in host cell signal transduction are likely due to secreted factors such as LLO. However, at 90 min postinfection, the bacteria invade in greater numbers, thus allowing the detection of invasion-related signals in the host cell. Our finding that ERK-2 is activated by the invasion of wild-type and nonhemolytic L. monocytogenes suggests that the activation of ERK-2 is not due to the action of LLO but instead is part of the signalling required for uptake of the bacteria. This is consistent with the requirement for MEK-1, which is the upstream activator of ERK-2.
Whether these signals are induced by internalin, InlB, or another factor remains to be determined. Using inlAB mutants, we found ERK-2 activation by the noninvasive mutants to be similar to that by wild-type L. monocytogenes. These results suggest that the LLO produced by both the mutant and parent is activating ERK-2 as previously reported (33, 38) . This activation may be masking any differences in ERK-2 activation that may be attributed to inlAB. Alternatively, other bacterial factors may be involved in the LLO-independent activation of ERK-2. In addition, other host cell factors may also be involved. The minor activation of MAPKAP kinase-2 may also be specific to invasion, but the selective inhibition of the p38 MAP kinase pathway will be required to address this issue. Activation of ERK-1 and JNK by S. typhimurium may represent a host cell stress response during Salmonella infection. The invasion mechanisms of Salmonella and Listeria are quite different, most notably in that Salmonella causes marked membrane ruffling. More work is required to fully characterize MAP kinase involvement in S. typhimurium invasion and the bacterial factors involved.
Various inhibitors were also tested for their effects on the ERK-2 activation. Cytochalasin D, which disrupts actin polymerization and inhibits invasion, did not block ERK-2 activation by L. monocytogenes. This indicates that the bacteria induced this signal while still extracellular. Wortmannin is an inhibitor of PI 3-kinase, which is required for L. monocytogenes invasion. Treatment of cells with wortmannin did not affect ERK-2 activation by L. monocytogenes. Thus, the ERK-2 activation is not downstream of PI 3-kinase activation. One possibility is that ERK-2 and PI 3-kinase are associated with two separate pathways required for triggering L. monocytogenes uptake by host cells. Also, inhibition of both pathways with wortmannin and PD98059 did not lead to an additive effect on L. monocytogenes internalization. These two pathways may eventually converge to initiate the cytoskeletal rearrangements necessary for L. monocytogenes uptake.
Genistein, an inhibitor of tyrosine kinases, blocks L. monocytogenes invasion and ERK-1 and -2 activation by L. monocytogenes (34, 36) . We confirmed our previous findings and also found that genistein blocked ERK-2 activation by mutant L. monocytogenes with reduced hemolytic activity. Genistein decreased ERK-2 activity due to wild-type L. monocytogenes at 30 min postinfection but was not capable of blocking ERK-2 activation at 90 min. It is possible that the dual stimulatory effects of invasion and LLO production by wild-type L. monocytogenes on ERK-2 were too strong for inhibition by genistein. PD98059, which is a specific inhibitor of MEK-1 activation, was more effective at blocking ERK-2 activation by both wild-type L. monocytogenes and the mutant with reduced hemolytic activity. These results again suggest that ERK-2 activation is required for signalling L. monocytogenes uptake in the host epithelial cell.
The ERK MAP kinases have been implicated in regulation of the cytoskeleton in various systems. The high proportion of ERKs that colocalize in the cytoskeleton in activated cells suggests that they play a role in cytoskeletal reorganization FIG. 8 . Inhibition of L. monocytogenes invasion by PD98059 and wortmannin is not additive. HeLa cells were pretreated with various concentrations of PD98059, wortmannin, or both drugs for 60 min prior to bacterial infection. Appropriate amounts of the solvent DMSO were also added so that all wells contained equivalent concentrations of DMSO. Cells were infected with L. monocytogenes 1/2a 3 for 60 min. This experiment was repeated at least three times with similar results, and the graph depicts one representative experiment. Each data point is the mean of data from three wells, and the standard deviation is shown by the error bar. on September 30, 2017 by guest http://iai.asm.org/ (27) . Some of the targets for MAP kinases include proteins associated with microfilament organization such as tau and caldesmon (1, 25) . Endothelial cell motility requires phospholipase A 2 , which is activated by the ERK-2 pathway (31). The MEK-1/ERK pathway is required for immunoglobulin G-mediated phagocytosis by polymorphonuclear leucocytes (32) . The overall mechanism for Listeria invasion is likely to involve multiple converging signal transduction pathways in the host cell. As we are beginning to discover with many other cellular processes, the summation and integration of various stimulatory and inhibitory signals are required to induce the final event in the cell. This is especially true of the MAP kinases, where different combinations of ERK, JNK, and p38 MAP kinase activity lead to different actions by the cell (28) . The same may apply in the case of L. monocytogenes internalization by the host cell: the PI 3-kinase and the MEK-1/ERK-2 pathways may form only two components of the signal transduction system required for uptake of the bacteria.
